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I. INTRODUCTION

M
ICROMECHANICAL resonators have begun replacing their quartz counterparts in timing and clock control for system-on-chip applications because they exhibit many technical advantages, particularly in terms of size, cost, and system integration [1] , [2] . Since the microelectromechanical systems (MEMS)-last scheme is fully CMOS compatible, it has been proposed to be the best economic strategy for integrating MEMS resonators and transistors onto a single chip [3] , [4] . However, as CMOS technology advances, the low-k dielectric materials used in the back end of the line may not survive if the post-CMOS processing temperature is over 400
• C [5] . Since the processing temperature in conventional high-quality CVD poly-SiGe [3] or poly-Si processes [4] for micromechanical resonator fabrication is close to or even higher than the ceiling temperature, it is required to develop new structural materials that can have low processing temperatures as well as maintain the performance of micromechanical resonators, such as operational frequency and quality factor (Q). Electroplated Ni has been recognized as a candidate material for micromechanical resonator fabrication owing to its low processing temperatures and good mechanical properties [6] , [7] . The processing temperature of electroplated Ni required for the MEMS-last integration can be as low as 50
• C [6] , much lower than 450
• C ceiling for postprocessing [3] . Furthermore, the Ni disktype micromechanical resonator can maintain its Q factor in the thousands [6] or even tens of thousands for a more aggressive resonator design [7] .
Carbon nanotubes (CNTs) have many extraordinary characteristics, including high tensile strength, large elastic modulus, excellent thermal and electrical conductivities, and high aspect ratio in structures, enabling potential applications in synthesizing new composite materials. Several efforts have been made not only to synthesize but also to characterize the composites using the CNTs as the key ingredient [8] - [15] . Among these studies, the phenomenon of mechanical strengthening has been found by incorporating CNTs into metal matrices [10] - [15] . CNTs can be incorporated into a Ni matrix via electroplating or electroless deposition to improve the properties of Ni such as wear resistance [10] , thermal conductivity [11] , tensile strength [12] , hardness [13] , and elastic modulus [14] , [15] . Unfortunately, for the composite synthesis, CNTs are often in a form of entangled agglomerates.
In order to fully adopt the unique properties of CNTs, many pretreatments have been developed for nanocomposite deposition. Among these pretreatments, noncovalent functionalization treated by surfactant has been the most prevalent one [11] - [13] , [16] . Therefore, sulfate sodium dodecyl (SDS), one of the most popular surfactants for CNT dispersion in a water solution [12] , [13] , [16] , is employed in this work to pretreat CNTs in order to keep good particle-dispersion characteristics in the electrolyte. By electroplating, Ni-CNT clamped-clamped-nanocomposite beams (CC-nanocomposite beams) are fabricated to demonstrate the synthesis process for MEMS fabrication, and the resultant performance improvement of the CC-beam resonator from CNT incorporation is also investigated.
II. DEVICE FABRICATION
Due to a large stiffness-to-mass ratio, CC-beam mechanical resonators have been intensively investigated for very high frequency range applications [17] , [18] . In this letter,we utilized the CC beam as the device structure for the characterization of the Ni-CNT nanocomposite resonators by measuring their first/flexural mode. Fig. 1 shows the cross sections of the CC-beam resonator fabricated with electroplated Ni or Ni-CNT nanocomposite before and after structural release. The fabrication started with the growth of thermal oxide (500 nm) on a 100 silicon wafer as an electrical isolation layer, followed by sputtering Ti/Ni (20/150 nm) and Cu (500 nm) as the device 0741-3106/$31.00 © 2012 IEEE electrode and sacrificial layer that were also utilized as the seed layer for electroplating the anchors and suspended parts of the resonator. The electrode and sacrificial layers were both patterned by liftoff processes. Before electroplating, a layer of thick photoresist, AZ10XT (> 5 µm), was spun and patterned as the mold where the Ni-based film was electroplated to form the resonator beam. Finally, the resonator fabrication was finished after the removal of the PR mold and Cu sacrificial layer by acetone and the mixture of NH 4 OH and H 2 O 2 (4:1), respectively. Due to good etching selectivity of the mixture of NH 4 OH and H 2 O 2 , the Cu sacrificial layer was removed completely without damaging the Ni-based structure. The beam length (L r ), width (W r ), and thickness (T r ) of the resonator are 120, 25, and 2.2 µm, respectively. In addition, the thickness of the sacrificial Cu layer (g) and the width of the electrode (W e ) are 500 nm and 50 µm, respectively.
The CNTs used in this work are a commercial product (Seedchem Pty., Ltd.). The tubes with 95% purity are prepared by a chemical vapor deposition method. The inner and outer diameters of the CNTs are on the average of 5-10 and 10-20 nm, respectively. The electrolyte was composed of nickel sulfamate of 400 g/L, boric acid of 40 g/L, nickel chloride of 3 g/L, and wetting agent of 5 ml/L. After putting the CNTs (1 g/L) and the SDS (0.6 g/L [16] ) into the electrolyte, ultrasonication is performed for 120 min to ensure that the CNTs can be separated from each other and fully dispersed in the electrolyte. From the measurement by dynamic-light-scattering spectroscopy, the length of the dispersed CNTs in the electrolyte is in the range of 0.5-10 µm. The plating process was done at the temperature of 35
• C with a current density of 1.5 mA/cm 2 . Fig. 2 shows the SEM images of Ni [see Fig. 2(a) ] and Ni-CNT [see Fig. 2(b) ] CC beams. The measured thickness of the structure and sacrificial layers are 2.27 µm and 531 nm for the Ni CC beams and 2.29 µm and 542 nm for the Ni-CNT one, respectively. Each electroplating process was controlled at 60 min, so the deposition rates of electroplated Ni and Ni- CNT are derived as 37.8 and 38.2 nm/min, respectively. After completely removing the Cu sacrificial layer, no structural deformation is found, and the resonator beam can be freely suspended over the electrode. Fig. 3(a) shows the analysis of energy dispersive spectroscopy (EDS), which detects the elements in the film surface. The enlarged figure in Fig. 3(a) shows that the carbon peak of Ni-CNT is more than two times higher than that of Ni. The increase of carbon intensity can be attributed to the incorporation of CNTs. Fig. 3(b) shows the SEM images of the as-fabricated Ni-CNT CC beam where CNTs are well distributed and partly engulfed in the Ni matrix. Every nanotube is separated from each other, and the agglomeration of CNTs is not observed. The resonant frequency of the beam structure was premeasured by a white light interferometer (LDV, Ono Sokki Company, Ltd.) for Young's modulus/density (E/ρ) characterization. The LDV-measured resonant frequencies are 619.38 and 760.88 kHz for the Ni and Ni-CNT nanocomposite beams, respectively. From the modal simulation of FEA software (Ansys) regarding the frequency responses, the E/ρ ratios are 1.51 × 10 7 and 2.24 × 10 7 Pa · m 3 /kg for the Ni and Ni-CNT nanocomposite, respectively. About 48% enhancement of the E/ρ ratio has been realized. Fig. 4(a) presents the CC-beam resonator with a typical driving and sensing setup. The resonator consists of a movable flexural beam clamped at both ends and a driving electrode underneath the beam. A dc bias voltage (V bias ) is applied to the resonator, while an ac excitation voltage (V i ) is applied to the electrode. When the frequency of V i matches the resonant frequency of the resonant beam, the resonator begins to vibrate and forms a time-varying capacitor. This time-varying capacitor biased with the DC voltage could generate an output current (i o ). The frequency characteristic was collected using a network analyzer (Agilent Technologies Inc., E5071C) with an active probe (Agilent Technologies Inc., 41800A) for matching the impedance between the input port of the network analyzer and the output of the resonator. The CC-beam resonator is placed into a vacuum chamber, and the measurement is performed at a pressure under 0.5 mtorr. Fig. 4 (b) presents the frequency characteristics of Ni and Ni-CNT CC-beam resonators at 0.2 mtorr. It shows resonant frequencies (f 0 ) of 498.75 and 634.72 kHz for the Ni and Ni-CNT CC-beam resonators, respectively, designed with the same dimensions. About 27% frequency enhancement can be realized and attributed to the incorporation of CNTs. In addition, it can be found that the electrical sensing results are different from that of the LDV measurement. This frequency reduction is caused by the introduction of electrical stiffness (k e ) related to the interaction of the electric field between the resonator and drive electrode, and hence, the effect would lower the effective spring stiffness as follows [19] :
III. RESULTS AND DISCUSSION
where k r and m r are the mechanical spring constant and mass of the resonator, respectively. From (1), the electrical spring constants of the Ni and Ni-CNT resonators are calculated as 118.27 and 140.76 N/m, so the calculated resonant frequencies of the resonators applied with V bias are 503.65 and 639.46 kHz, which are close to the aforementioned measurements. The measured Q values of the Ni and Ni-CNT CC-beam resonators are 781 and 760, respectively, indicating that the CNT incorporation did not cause the Q degradation. The Q performance of the Ni CC-beam resonator, i.e., 781, is as good as the prior art [7] . The anchor loss is known to dominate the Q performance of the CC-beam resonators [20] . In comparison with the Q performance of the polysilicon CC-beam resonators [21] , the lower Q performance of the Ni-based resonators may be a result of poor adhesion of the beam anchors to the substrate underneath, leading to more energy dissipation during vibration [7] . Further performance improvement, particularly in Q, can be realized by employing different resonator designs like free-free beam or wineglass disk resonators [6] , [7] , [22] .
IV. CONCLUSION
In summary, an electroplating process has been successfully demonstrated for Ni-CNT nanocomposite CC-beam resonator fabrication. The entire process takes place at temperatures lower than 90
• C such that this process is compatible with the CMOS process. By employing the SDS treatment on the surface of CNTs for good dispersion characteristics, the incorporation of CNTs into the Ni matrix results in Young's modulus-todensity ratio enhancements of ∼48% and resonant frequency increases of ∼27% while maintaining Q.
